In this work, an improvement to the Munnerlyn formula used in refractive surgery is proposed by selecting the final corneal asphericity. A theoretical optical analysis has been performed by adopting the RMS (root mean square) spot size as a merit function. Two different sets of myopes having refractive errors ranging up to À7D have been tested. The results show that a corneal asphericity of around Q ¼ À0.61, with the radius provided by the emmetropization formula based on thin lens theory, may improve image quality after surgery. This value could be used in practical surgery because it is easy to implement in the ablation algorithm and it requires no additional data from other clinical surgery instrumentation.
Introduction
Refractive surgery is a technique used with steadily growing frequency to emmetropize subjects, and offers numerous possibilities with respect to other ophthalmic techniques, in theory enabling the anterior corneal surface to be reshaped with high precision. Although algorithms based on a customized corneal ablation are currently being proposed [1, 2] , to date most ablation algorithms, though proprietary, rely on the parabolic approximation of Munnerlyn [3] . According to this equation, the ablation depth, s(y), is given by sðyÞ ¼ 4Dy
where D is the number of diopters to correct, d is the diameter of the ablation zone and y is the radial distance from the optical axis. This formula has certain limitations, such as the fact that the geometry of the cornea before and after surgery is assumed to be spherical, increasing the spherical aberration and off-axis aberrations post-surgery [4] [5] [6] , especially the coma and astigmatism. A partial explanation for the increase in aberrations is given by the notable improvement expected in the corneal asphericity after surgery [7] . If the Munnerlyn formula is applied, post-surgical asphericity is given by the following equation [7] :
where Q f is the post-surgical asphericity, Q i the pre-surgical asphericity, and R i and R f are the radii of the anterior cornea before and after surgery, respectively. Several practical [1] and theoretical works [2, [8] [9] [10] [11] have proposed modifications to the Munnerlyn algorithm, incorporating information on corneal asphericity in order to optimize the visual function. Recently, Manns et al. [2] , based on the criterion of minimization of primary spherical aberration, theoretically deduced that the best post-surgical corneal asphericity ranges from Q ¼ À0.45 to Q ¼ À0. 47 .
In the present work, for the corneal ablation, an expression proposed by several different authors [2, 9, 11] is used, which takes into account the corneal asphericity by selecting this parameter as a criterion to optimize visual function. For this, we generate a broad range of myopes derived from a schematic eye and from average data of real myopic eyes. Then the post-surgical radius and asphericity are selected using two criteria: first, starting with the RMS (root mean square) spot size as the merit function, we determine the corneal radius and asphericity, and, second, keeping the post-surgical radius fixed, aspherity only. Manns et al. [2] proposed a final post-surgical asphericity based on correcting defocus, and a primary spherical aberration in myopic eyes, but the remaining orders can influence image quality, as other authors have demonstrated [1] . Use of the RMS spot size as the merit function (as adopted in this work) is widely used to optimize the performance of optical systems that are not diffraction limited, and its simplicity allows for spherical aberration to balance different orders as a means of improving image quality.
Methods

Modelling myopic eyes
Two sets of myopic eyes were analysed. First, the Navarro et al. [12] model of the relaxed eye was modified to simulate the human eye with axial myopia. This schematic eye model (table 1) , which uses four aspherical surfaces to represent the cornea and lens, was minimally adjusted from that previously published [13] to produce aberrations that are close to those of the wide-field emmetropic human eye. The model is suitable for studying on-axis performance, as in other works [2, 9, 10, 14, 15] . Myopic eyes ranging from À1 to À7D, with increments of À0.5D, were used, and to produce an eye with the selected axial myopia, the eye length was calculated so that the conjugate of the retina was at infinity when a spectacle lens of corresponding negative power was placed in front of the eye. To simplify the model and calculations, the spectacle plane was assumed to coincide with the plane passing through the anterior-corneal vertex [16] . Table 1 . Parameters of the schematic eye used to derive modelled myopic eyes.
Indexes are for monochromatic illumination of 543 nm [12] .
Surface Optical medium Radius (mm) Asphericity (Q) Thickness (mm) Index A second set of myopic eyes was generated in the following fashion: from the mean values of the corneal data for different groups of myopic eyes, gathered by Carney et al. [17] (table 2), we first fixed the radius within AE0.2 mm and then varied asphericity within AE0.2. The sample increment was 0.1 for both parameters, and, in each case, the remaining parameters of the eye were those corresponding to the schematic model used, with the axial length being that of the assigned myopic value. The level of myopia was sampled at À0.5D intervals, as for the modelled eyes. This led to 25 generated myopic eyes for each refractive error.
Optimization of retinal-image quality
When a distribution of rays across the system pupil is traced from an object point, we obtain a spot diagram in the image plane. Each ray traced has a transverse aberration relative to the reference ray, and the spot size is the radial extension of those transverse aberrations. Then, the RMS spot size is the square root of the average value of the squares of all individual errors [18] . Because we evaluate the post-surgical retinal quality for an on-axis distant object, we are concerned only with defocus and spherical aberration. Since the anterior corneal surface is modelled as a conicoid, one cannot eliminate spherical aberrationrather, one can only minimize it. Optimization of the emmetropization process by minimizing the RMS spot size can improve the visual function of the eye because the radius and asphericity values can be used to balance all orders of spherical aberration for the image-plane position, this being the retina in our case. Minimization of the RMS wavefront at the exit pupil was not adopted, as the resulting system is not quite diffraction-limited, and this criterion is more suitable in that case. The calculations were performed using the ZEMAX-EE Optical Design Program.
As indicated above, two situations were analysed for the above two sets of myopic eyes:
(A) In the first case, the optimization algorithm was solved for the postsurgical radius and asphericity of the cornea that minimizes RMS spot size. This provides the parameters needed for surgery. In this case, there was no initial restriction at all on the post-surgical radius, the best radius being achieved while avoiding minor defocusings that arise when the Munnelyn formula is used [11] . (B) In the second case, the anterior corneal radius was fixed according to the Munnerlyn formula (equation (3)) to produce an emmetropic eye. In this case, the post-surgical radius of curvature, R f (in metres), is given by: where R i is the initial radius, D is the number of diopters to correct and n ¼ 0.376 [3] . This procedure has limitations from the optical standpoint, since it is assumed that the stroma removed is a thin lens, and, as the myopia grows, differences arise among the R f given by the above equation, this R f being the one that makes the eye emmetropic. In any case, this is the standard procedure in refractive surgery, given that the prior information needed, R i and D, is easy to obtain, and it is important to investigate whether there are limitations. When the radius was fixed, the algorithm was solved only for the asphericity.
In both cases, we used a 7.0 mm entrance pupil diameter, the illumination was assumed to be monochromatic of 543 nm, providing the refractive index values assigned in the schematic eye, and the corneal thickness was varied according to the ablation depth given by a formula that takes corneal asphericity into account [2, 8, 9, 11] :
where R i and Q i are the pre-surgical cornea for which the selection has been described previously, R f and Q f are the post-surgical anterior-cornea parameters, and y is the height over the optical axis. In the first situation analysed (A), there is no initial restriction on the two parameters (radius and asphericity) whereas, in the second situation (B), only Q f is optimized.
Apodization [13, 16, 19] based on the Stiles-Crawford effect was used because of its role in reducing spherical aberration of marginal rays in the pupil. The Stiles-Crawford effect arises from the difference in the efficiency of the light rays according to the height of incidence on the pupil eye. All the calculations were repeated without considering this point, and no significant variation in the parameter values was found, as reflected in the Results section of the present work. Equations for the Stiles-Crawford effect and its influence on visual function can be found in the literature [7, [9] [10] [11] [12] [13] 16] .
After calculating the values for the radii and the asphericities, the modulation transfer function (MTF) was plotted in cycles/degree to analyse the retinal-image quality resulting from the simulated refractive surgery. The MTF is often studied in different ophthalmologic procedures: refractive surgery [9, 11] implants an intraocular lens [14, 15] in an attempt to improve the retinal-image quality.
3. Results 3.1. Myopic eyes derived from the schematic eye Figure 1 shows the values of radii and asphericities for the modified schematic eye at the myopia level studied (first set of myopes tested). The values were calculated with and without apodization, and, for comparison, the values predicted by the Munnerlyn formula (equations (2) and (3) for final asphericity and radius, respectively) were also plotted. The radii obtained for the minimum RMS spotsize optimization in both cases agree quite well with those provided by the Munnerlyn formula (equation (3)), showing that the Munnerlyn formula used in practical surgery may be adequate for fixing the final radius. However, the asphericities show different behaviour, depending on the criterion adopted for the radius. Thus, if the optimization procedure is solved for both parameters, the asphericity maintains a roughly constant value of Q ¼ À0.61. However, if the radius value is fixed, the asphericity slightly reduces as the myopia level rises, from À0.61 to À0.57. In any case, the result clearly disagrees with the prediction of equation (3), which gives values ranging from À0.2 to 0.2, thus indicating that the Munnerlyn formula does not provide the correct asphericity value to optimize refractive surgery, as experimental results also confirm [4] [5] [6] .
To show the improvement in the image quality, figure 2 compares the postsurgical MTF with the pre-surgical MTF, for a myopia level of À1D and À7D. The figure shows results with values of radii and asphericities determined by the optimization process, with radius fixed and asphericity optimized, as well as with radius and asphericity determined by the Munnerlyn formula, equations (2) and (3). Also shown is the curve corresponding to the diffraction-limit system. The graphs show an improvement in the post-surgical image quality. The modulation, or contrast, when solving for radius and asphericity, and only for asphericity, are similar, but better in the former case as myopia increases. The MTF calculated with parameters predicted by the Munnerlyn formula (equations (2) and (3)) is comparable to that of the initial schematic eye but inferior to the MTF calculated with the two proposed optimization procedures. Figure 3 shows the results for the radii calculated for each group of myopic eyes generated from the radii and asphericities gathered by Carney et al. [17] , using the optimization procedure. The figure presents data obtained using the optimization procedure to solve for radius and asphericity against the radii calculated with the Munnerlyn formula for the post-surgical radius. Only the results considering apodization have been plotted, since we found no significant differences. Again, the radii calculated agree well with the values predicted by the Munnerlyn formula. Figure 4 shows the results for asphericity using the optimization procedure and the Munnerlyn formula for asphericity (equation (2)). The values for asphericity were clustered around Q ¼ À0.6, far from those predicted by equation (3) (see figure 1(b) ) despite its pre-surgical value and myopic level. Again, image quality was improved when using the values resulting from optimization of RMS spot size, with respect to the use of the Munnerlyn-formula values, as shown by their corresponding MTFs in figure 5 . We have represented the contrast at one refractive error for each representative myopes group. As shown, the results were similar to those for the first set of myopes tested, that is, solving both corneal parameters for refractive surgery by the optimization process gave the best image quality. Solving only asphericity also gave strongly improved . MTF of some of the generated myopes studied. Dotted curve is diffractionlimited contrast. Continuous line is for the schematic model adopted. Dot-dashed curve is for the myopic eye before surgery (using mean radius and asphericity from table 2). Triangles are the MTF post-surgical with values of radius and asphericity predicted using equations (2) and (3). Circles are for post-surgical contrast with fixed radius and solved asphericity, and, finally, squares are for solved radius and asphericity. Results are shown considering apodization.
Generated myopic sample from published data
image quality with respect to that provided by the schematic eye, the Munnerlyn formula for radius and asphericity, and pre-surgical.
Discussion
In this experiment, the corneal asphericity that optimized the results took significantly different values from those that were found theoretically [7] and experimentally [4 -6, 8] when the Munnerlyn formula was applied. With the application of this formula, the cornea, generally prolate (Q<0), became oblate (Q>0), rendering undesirable values for the cornea, given that the aberrations markedly increased. These results demonstrate that it is advisable to maintain the cornea prolate, in accord with the normal values for emmetropic subjects [17] . In addition, (within this study) the values that optimized the final asphericity also improved the MTF with respect to the pre-surgical values, this being an additional criterion to take into account in experimentally determining aberrations [4] [5] [6] .
It is of note that in these results, the differences among the final corneal asphericity values found when optimizing the radius and maintaining it fixed, were not important, since the variation ÁQ ¼ À0.04 is of minor magnitude (see below) and the final radius can be selected with the Munnerlyn formula, which is derived easily from the known parameters prior to refractive surgery: the initial radius and the number of diopters to correct.
These results agree with those recently reported by Manns et al. [2] , although the criterion used by these authors caused the best final Q to fluctuate between Q ¼ À0.45 and Q ¼ À0.47. These differences may be due to the merit function chosen and the mistake in the refractive index of the cornea corresponding to the schematic eye model published by Navarro et al. [13] , which was 1.376 and not 1.367 as in Manns et al. [2] . In any case, this present study was more exhaustive and was checked using a visual function such as the MTF, whereas no such verification was made by Manns et al. They used the minimization of primary spherical aberration as the merit function but they performed no analysis for any visual function. Figure 6 plots the contrast resulting from the data provided by Manns et al. [2] for refractive errors À1D and À7D using the schematic eye model adopted in this work. We modified the central corneal thickness due to ablation but did not consider apodization in their work, although the differences expected were minimal. For comparison, we also replotted the MTF for those refractive errors with the radius and asphericity found optimizing the RMS spot size with apodization. Our results improved the image quality.
Our results on final corneal asphericity and those of Manns et al. [2] are close to those found theoretically to minimize spherical aberration while considering a schematic eye model with a single surface. For these models [19] , an asphericity for the anterior surface of the cornea (Q ¼ À0.56) would minimize the spherical aberration. The slight discrepancies with regard to these values may be due to the fact that the proposed optimization also considered the contribution that the lens and the posterior cornea make to spherical aberration and, although their refractive power is less than that of the cornea, their optical properties (distribution of the refractive index and geometry of their surfaces) are known to contribute to the spherical aberration of the eye.
It is important to establish a tolerance criterion on the final asphericity value in order to ascertain the minimum degree of experimental precision needed to reshape the cornea. In theory, present-day excimer lasers offer an accuracy of up to 0.1 mm per pulse, although, in a clinical application, different factors (e.g. biomechanical effects, hydration changes, wound healing) can limit the accuracy in the ablation depth to 1 mm. Manns et al. [2] have calculated that the minimum accuracy to optimize spherical aberration is 0.2-0.3 mm. It would be useful to calculate the value of Q that would correspond to these accuracy values in ablation depth. For this, in equation [4] , if we differentiate the ablation depth, s(y), while assuming a series expansion up to fourth order [2, 11] , then, after calculations for an ablation diameter d ¼ 7 mm, we would get
Thus, to optimize third-order spherical aberration [2] , an ablation depth of 0.25 mm would correspond (equation (5)) to ÁQ ¼ 0.009 and ÁQ ¼ 0.012 for y ¼ 1 mm and y ¼ 2 mm, respectively. If we consider an accuracy for the depth ablation of 1 mm, we would get ÁQ ¼ 0.04 and ÁQ ¼ 0.05 for y ¼ 1 mm and y ¼ 2 mm, respectively. In both cases, the accuracy of the ablation depth of current lasers enables discrimination between the optimum asphericity values calculated in this work (Q ¼ À0.61) and those reported by Manns et al. [2] . However, if we wish to have a sensibility of ÁQ ¼ 0.04, as in our case for the corneal asphericity when we applied the optimization procedure fixing the radius (according to the Figure 6 . Comparison of post-surgical MTF for two refractive errors using the data gathered in this work and those provided by Manns et al. [2] . The curves without symbols correspond to post-surgical modulation with the radius and asphericity provided using optimization of RMS spot size.
Munnerlyn formula), the accuracy in the ablation depth would be at the limit or would not suffice for clinical applications. At present, there are two trends in optimizing the visual function after refractive surgery: to minimize aberrations using real data in subjects measured with an aberrometer (a procedure with certain technical limitations); or, as other authors propose [2, 8, 11] , to formulate new algorithms which optimize the asphericity Q. This latter option should be tested clinically, as, it would improve the visual function and is easy to implement clinically. That is, it would require only the R i and D values (easily measured), given that the value of Q f is fixed (this being Q f ¼ À0.61 in our case) and it would require no additional instrumentation for the aberrometry. The only additional data needed would be the pre-surgical asphericity (provided by a corneal topographer), which, although not necessary for the optimization, is fundamental for calculating the minimum thickness that would guarantee the integrity of the cornea [20] , as this value depends on the radius and asphericity before and after surgery, as well as on the central corneal thickness of each subject.
In addition, if new laser development increases the precision of the ablation, algorithms can be designed on the basis of the cornea being treated as a somewhat more complex surface, adding a new asphericity term, as recently proposed [21] . This would enable the contribution of another variable as an additional degree of freedom to optimize off-axis aberrations, which appear as a consequence of reshaping the cornea, and which also limit off-axis retinal-image quality.
